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license (http://creativecommons.org/Summary Background/Objective: T1r and T2 relaxation mapping in knee cartilage have
been used extensively at 3 Tesla (T) as markers for proteoglycan and collagen, respectively.
The objective of this study was to evaluate the feasibility of T1r and T2 imaging of knee carti-
lage at 7T in comparison to 3T and to evaluate the ability of T1r and T2 to determine differ-
ences between normal and osteoarthritis (OA) patients.
Materials and methods: Twenty patients, seven healthy patients (KellgreneLawrence Z 0),
and 13 patients with signs of radiographic OA (KellgreneLawrence > 0) were scanned at 3T
and 7T. The knee cartilage was segmented into six compartments and the T1r and T2 values
were fit using a two-parameter model. Additionally, patients were stratified by the presence
of cartilage lesions using the modified Whole Organ Magnetic Resonance Imaging Score classi-
fication of the knee. One-way analysis of variance was used to compare the healthy and OA
groups at 3T and 7T. The specific absorption ratio was kept under Food and Drug Administration
limits during all scans.
Results: T1r and T2 values at 3T and 7T were significantly higher in the lateral femoral condyle
and patella in patients with OA. However, more regions were significant or approached signif-
icance at 7T compared with 3T, with the differences between healthy and OA patients also
larger at 7T. The signal to noise ratio across all cartilage and meniscus compartments was
60% higher on average at 7T compared to 3T.
Conclusion: T1r imaging at 7T has been established as a viable imaging method for the differ-
entiation of degenerated cartilage despite previous concerns over specific absorption rate andtment of Radiology and Biomedical Imaging, University of California, San Francisco, 1700 4th Street,
A 94158, USA.
du (C. Wyatt).
05.003
hors. Published by Elsevier (Singapore) Pte Ltd. This is an open access article under the CC BY-NC-ND
licenses/by-nc-nd/4.0/).
198 C. Wyatt et al.imaging time. The potential increased sensitivity of T1r and T2 imaging at 7T may be useful for
future studies in the development of OA.
Copyrightª 2015, The Authors. Published by Elsevier (Singapore) Pte Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Magnetic resonance imaging (MRI) is widely used for carti-
lage imaging due to its soft tissue contrast and wide array of
imaging markers for cartilage integrity. T2 relaxation values
have been used extensively to investigate early cartilage
degeneration [1e5], with T2 being correlated with changes
in water content, collagen anisotropy, and concentration
[6,7], and to a lesser extent proteoglycan content [8,9]. T1r
relaxation values tend to increase in degenerated cartilage
[10e13] and have been associated with the proteoglycan
content of cartilage [14e16] and to a lesser extent collagen
[17,18].
While T1r and T2 imaging have primarily been performed
on 3 Tesla (3T) MR scanners, there has been increasing in-
terest in 7 Tesla (7T) imaging of the knee, typically due to
increased signal-to-noise ratio (SNR) at 7T. Many 7T studies
have focused on sodium imaging [19,20], chemical ex-
change saturation transfer [21,22], or high resolution
morphological imaging [23,24]. Mlynarik et al [25] per-
formed an in vitro comparison of T1r and T2 at 3T and 7T.
In vivo T2 mapping of the knee at 7T has been performed by
Welsch et al [26] and Chang et al [27], but only a limited
number of studies have been performed for T1r at 7T.
These include a study by Kogan et al [28] that investigated
T1r dispersion at 7T, as well as a study by Singh et al [29]
where in vivo imaging of T1r was performed at 3T and 7T.
Unfortunately, all the quantitative studies performed at 7T
have focused on healthy volunteers, with no studies
focused on patients with osteoarthritis (OA) or cartilage
damage.
In this study, healthy controls and patients with knee OA
were scanned at 3T and 7T and the T1r and T2 relaxation
values between the two groups were compared to deter-
mine possible differences between field strengths. The
objective of this study was therefore to evaluate the
feasibility of T1r and T2 imaging of knee cartilage at 7T in
comparison with 3T and to determine the ability of T1p and
T2 obtained at 3T and 7T to determine differences between
normal and OA patients.
Materials and methods
Participant recruitment
Twenty volunteers (11 women, nine men), ranging in age
from 37 years to 72 years, were recruited under an Insti-
tutional Review Board approved protocol. All participants
underwent weight-bearing postero-anterior fixed flexion
radiograph using the SynaFlexer device (Synarc, Newark,
CA, USA). A musculoskeletal radiologist with more than 20years’ experience performed KellgreneLawrence (KL)
grading [30] of the tibio-femoral compartment using these
radiographs. Seven of the volunteers were healthy controls
(KL Z 0) and the remaining 13 volunteers had OA (KL Z 2,
3). The inclusion criteria for OA patients were age >35
years, knee pain, aching, or stiffness on most days per
month during the past year, or use of medication for knee
pain on most days per month during the past year, and
definite radiographic evidence of knee OA (KL > 1). The
inclusion criteria for controls were age >35 years, no knee
pain or stiffness in either knee or use of medications for
knee pain in the last year, and no radiographic evidence of
OA (KL  1) on either knee. The exclusion criteria for all
participants were: (1) concurrent use of an investigational
drug; (2) history of fracture or surgical intervention in the
study knee; and (3) contraindications to MRI. All partici-
pants signed a written informed consent approved by the
University of California, San Francisco Committee on
Human Research.
Imaging protocol
Each volunteer underwent a single knee scan on 3T (GE
MR750w; GE Healthcare, Waukesha, WI, USA) and 7T (GE
MR950, GE Healthcare) MR scanners. Scans were performed
within 3 months of each other, so little progression of dis-
ease should have occurred between scans. An eight-
channel phased array knee coil (In Vivo, Gainesville, FL,
USA) was used for the 3T scans while a 28-channel phased
array knee coil (Quality Electrodynamics, Mayfield Village,
OH, USA) was used for the 7T scans. Two participants were
scanned twice at 7T to assess reproducibility of the T1r and
T2 imaging methods.
For each participant, three-dimensional (3D) fast-spin-
echo (FSE)-CUBE, T1r, and T2 images were acquired at both
3T and 7T. At 7T, B1 maps were acquired using a modified
version of the BlocheSiegert method [31]. The images for
the B1 maps were acquired with TRZ 350 ms, TEZ 10 ms,
flip angleZ 10, BWZ 31.25 kHz, slice thicknessZ 3 mm,
and 64  64 matrix. The T1r and T2 images were acquired
with the 3D magnetisation prepared angle modulated par-
titioned k-space (MAPSS) acquisition [32]. The MAPSS
sequence was acquired with the following parameters: field
of view Z 14 cm, 256  128 matrix, slice
thickness Z 4 mm, 28e32 slices, spin-lock pulse times
(TSL)Z 0 ms, 2 ms, 4 ms, 8 ms, 12 ms, 20 ms, 40 ms, 80 ms,
spin lock frequency Z 500 Hz, echo times (TE) Z 0 ms,
1.6 ms, 3.2 ms, 6.5 ms, 12.9 ms, 25.9 ms, 38.8 ms, 51.7 ms,
and repetition time (TR)/TE Z 5.2/2.9 ms. However, 7T
scans were acquired with TSL Z 0 ms, 2 ms, 4 ms, 8 ms,
12 ms, 20 ms, 40 ms, 60 ms and TE Z 0 ms, 3.4 ms,
6.8 ms,10.3 ms, 20.5 ms, 34.2 ms, 47.8 ms, 61.5 ms to
7T relaxation time mapping 199reduce the duty cycle of the radio frequency (RF) amplifier
at 7T. Additionally, the slice thickness at 7T was 3 mm to
match a previous study. Composite tip-down and tip-up RF
pulses were used to compensate for B0 and B1 in-
homogeneities [33,34]. The composite pulses consisted of a
90 hard pulse along the x-axis and a 135 hard pulse along
the y-axis.
Image analysis
The 3T 3D FSE images were graded using a modified Whole
Organ Magnetic Resonance Imaging Score (WORMS) classi-
fication of the knee [35,36]. The participants were then
separated by the WORMS cartilage score in each compart-
ment. Participants with WORMS > 1 were considered as
cartilage lesion positive (CLþ) for that compartment and
those with WORMS  1 were cartilage lesion negative
(CL).
The 3D FSE images were rigidly registered to the T1r
images using the VTK CISG Registration Toolkit (Kitware
Inc., Clifton Park, NY, USA). Additionally, the individual T1r
and T2 echoes were rigidly registered to the first T1r echo
(TSL Z 0) to remove any movement between echoes. The
cartilage was then semiautomatically segmented into six
compartments on the high resolution 3D FSE images using
in-house software and adjusted as necessary on the TSLZ 0
image of the T1r sequence. Six compartments were
segmented, including the lateral femoral condyle (LFC),
the lateral tibial condyle, the medial femoral condyle, the
medial tibial condyle, the patella, and the trochlea (TRO).
T1r and T2 relaxation maps were generated using a two-
parameter nonlinear monoexponential fit of the signal in
each pixel over all TSL or TE times.
SNR ratio was calculated for each participant at 3T and
7T using the difference method described by Dietrich et al
[37]. The TSL Z 0 ms T1r image and the TE Z 0 T2 image
for each individual were subtracted from each other (since
they have the same preparation) and the standard devia-
tion of one slice in each of the cartilage compartments was
calculated. The SNR was then calculated using the
following equation:
SNRZ
1ffiffiffi
2
p MeanROI
sDiffROI
The difference method was used to compensate for the
noise variation present due to the use of parallel
acceleration.
Statistical analysis
A multivariate one-way analysis of variance was performed
between the T1r or T2 values of the healthy controls and
patients with OA for each compartment. Age and body mass
index (BMI) were adjusted for when significantly different
between populations. Similar statistical analysis was per-
formed using the CL and CLþ groups in each knee carti-
lage compartment. However, because age and BMI were not
significantly different between the groups differentiated by
CL, they were not adjusted for in the analysis of variance. A
p value < 0.05 was considered significant for each com-
parison. In addition to calculating the p values, the effectsize of each comparison was calculated to determine
sensitivity of each field strength to changes in cartilage
degeneration.Results
Participant characteristics
The age, BMI, sex, and KL score of the healthy volunteers
and the knee OA populations are shown in Table 1. One
participant was not considered in the results due to
excessive motion in the 7T scans. There were significant
differences in BMI between the control and OA groups.
However, there were no significant differences in age or
BMI between any of the CL and CLþ groups.Comparison between healthy and radiographic OA
groups
The mean cartilage T1r and T2 values for the groups
separated by KL score are shown in Table 2 for the 3T scans.
T1r and T2 values were significantly higher in OA patients in
the patella, while no other regions were significantly
different. The T1r and T2 values at 7T are shown in Table 3.
While no significant differences were found between con-
trol and radiographic OA patients at 7T, the T1r in the LFC
and patella were higher and were approaching significance.
Additionally, the higher T2 of the TRO in OA patients was
also approaching significance.Comparison between healthy and CL groups
The T1r and T2 values for participants differentiated by
WORMS score in each compartment are shown in Table 2 for
3T. T1r and T2 values were significantly higher in patients
with CL in the LFC, while no other regions were significantly
different. When examining the 7T values, shown in Table 3,
the T1r and T2 values were also significantly higher in pa-
tients with cartilage lesions in the LFC. However, the
average effect size for the 7T T1r and T2 values were higher
than the average effect size at 3T. The same effect size
increase at 7T was seen with radiographic OA comparisons.
Example images of the T1r and T2 maps overlaid on the
TSLZ 0 image for the knee of a patient with WORMSZ 3 in
the medial femoral condyle are shown in Figure 1. These
maps show extensive spatial similarities present between
3T and 7T T1r and T2 values for the same volunteers.
The SNR in the six cartilage compartments at 3T and 7T is
shown in Figure 2. The SNR at 7T was higher than that at 3T
for all cartilage compartments, without consideration for
the differences in slice thickness, but the differences were
not significant. On average, the SNR at 7T was 60% higher
than the SNR at 3T.
The correlation coefficients between the 3T and 7T T1r
and T2 values in each cartilage compartment are shown in
Table 4. Significant correlations were found for T1r in every
compartment except the medial tibia. However, significant
correlations were only found in the medial tibia for the T2
values.
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200 C. Wyatt et al.The coefficients of variation of T1r and T2 at 7T aver-
aged across all six cartilage compartments were approxi-
mately 6.5% and 6.7%, respectively.
Discussion
In this study, we have demonstrated the feasibility of T1r
and T2 mapping of knee cartilage at 7T and compared the
values to 3T in patients with knee OA. T1r and T2 mapping
at higher field strengths benefits from increased SNR as well
as increased chemical shifts. These chemical shifts can
result in increased chemical exchange, which should result
in increased sensitivity to changes in the concentration of
macromolecules. There has been a limited number of
in vivo cartilage studies at 7T, with all of them focused on
healthy volunteers with minimal cartilage degeneration. To
our knowledge, this is the first in vivo study of patients with
OA.
While the implementation of T1r mapping at 7T has
typically met resistance due to the large amounts of RF
energy required by the spin lock pulse, T1r, and T2 imaging
at 7T has potential advantages over 3T imaging. First, 7T
imaging typically provides increased SNR due to the in-
crease in magnetisation. Secondly, the sensitivity of T1r
and T2 relaxation times to changes in macromolecular
protein and water concentration should be increased at 7T,
due to an increase in the chemical exchange component of
the relaxation mechanisms. The chemical exchange
component of T1r and T2 are defined from the following
equations [38,39]:
T1rexZ
papbd
2k
u21 þ k2
T2exZ
papbd
2
k

1 2
tCPMGk
tanh
tCPMGk
2

In which pa and pb are the concentrations of the two
interactions groups (EX water and proteoglycan), k is the
chemical exchange rate constant, d is the chemical shift
between groups a and b, tCPMG is the time between 180
pulses in the CarrePurcelleMeiboomeGill train, and u1 is
the spin lock frequency. For both relaxation times, the
chemical exchange component increases with increases in
the field strength, which is related to the chemical shift (d).
The increase in this component should create larger
changes for similar changes in the macromolecule concen-
trations (pa and pb). This increased sensitivity could
improve the ability of T1r and T2 imaging to identify early
degenerative changes in cartilage during the development
of OA at higher field strengths. However, more studies are
needed with patients with OA and cartilage damage to
determine the effects.
As shown in Table 2, T1r and T2 relaxation values at 3T
were higher for patients with radiographic OA as well as
patients with cartilage lesions, which have been shown in
previous studies, especially at 3T. However, the differences
were only significant in the patella for patients with
radiographic OA and the LFC for patients with cartilage
lesions. Similar trends were seen with 7T relaxation times,
showing higher values with radiographic OA and WORMS
scores. The same significant differences were seen in the
LFC, but the differences were not significant in the patella.
However, several regions (LFC, patella, and TRO)
approached significance and in general the p values were
Table 2 3 Tesla T1r and T2 relaxation values for the healthy control, osteoarthritis, cartilage lesion positive (þ), and cartilage
lesion negative () groups for the six segmented cartilage compartments used in the study.
LFC MFC LT MT PAT TRO Average
T1p CNT 38.8  3.0 41.0  3.7 37.3  5.0 36.6  4.8 44.0  3.0 44.7  4.5
OA 39.7  3.4 42.0  3.4 38.2  2.6 37.0  2.5 46.6  3.7 42.9  2.1
p 0.365 0.198 0.738 0.969 0.001 0.321
Effect size 0.118 0.183 0.037 0.004 0.590 0.132 0.178
CL 38.9  2.7 41.4  4.0 37.8  3.8 37.1  3.5 45.6  2.8 43.7  3.3
CLþ 43.5  5.1 42.4  1.2 38.5  2.2 34.8  0.6 45.8  4.8 42.0  3.3
p 0.049 0.6 0.76 0.377 0.89 0.477
Effect size 0.209 0.017 0.006 0.046 0.001 0.030 0.051
T2 CNT 28.9  2.2 30.3  3.1 27.0  3.1 27.9  4.6 30.8  2.1 33.4  2.7
OA 29.7  3.3 30.8  2.4 27.5  1.8 28.4  2.6 32.1  2.5 32.2  2.3
p 0.532 0.256 0.8 0.945 0.04 0.195
Effect size 0.081 0.157 0.029 0.007 0.332 0.185 0.132
CL 28.9  2.4 30.8  2.9 27.1  2.3 28.2  3.5 31.8  2.2 32.8  2.6
CLþ 33.5  4.2 30.1  1.8 28.7  1.4 28.2  2.5 31.3  2.8 31.9  1.3
p 0.029 0.618 0.262 0.984 0.685 0.645
Effect size 0.264 0.015 0.078 0.000 0.010 0.013 0.063
Data are presented as the mean  standard deviation.
CL Z cartilage lesion; CNT Z control; LFC Z lateral femoral condyle; MFC Z medial femoral condyle; OA Z osteoarthritis;
PAT Z patella; TRO Z trochlea.
Table 3 7T T1r and T2 relaxation values for the healthy control, osteoarthritis, cartilage lesion positive (þ), and cartilage
lesion negative () groups for the six segmented cartilage compartments used in the study.
LFC MFC LT MT PAT TRO Average
T1p CNT 40.2  2.9 41.6  3.9 38.9  5.5 37.9  4.6 42.3  3.5 42.0  5.7
OA 44.4  3.7 43.5  3.8 42.0  5.4 37.3  4.3 50.5  6.7 47.5  5.7
p 0.0707 0.286 0.434 0.864 0.0551 0.148
Effect size 0.298 0.145 0.105 0.018 0.339 0.225 0.188
CL 42.1  3.5 42.3  3.9 40.4  5.8 37.4  4.5 47.2  7.0 45.7  6.1
CLþ 48.2  2.1 44.2  3.8 42.9  4.1 38.7  1.7 48.0  7.3 42.5  1.7
p 0.0305 0.374 0.48 0.691 0.819 0.506
Effect size 0.260 0.047 0.032 0.010 0.004 0.028 0.063
T2 CNT 28.0  2.0 28.1  2.5 27.3  3.8 27.4  2.8 28.0  2.6 28.1  2.3
OA 31.0  2.7 31.0  3.8 29.4  3.9 29.1  4.0 31.0  3.9 30.8  2.7
p 0.0616 0.149 0.52 0.341 0.209 0.0638
Effect size 0.294 0.212 0.079 0.126 0.178 0.291 0.196
CL 29.4  2.4 29.1  2.9 28.3  4.1 28.3  3.8 29.4  3.7 30.0  2.9
CLþ 34.8  1.9 32.2  4.7 30.4  2.8 29.7  2.4 30.5  3.8 28.3  1.0
p 0.00682 0.107 0.419 0.636 0.549 0.434
Effect size 0.358 0.146 0.039 0.013 0.021 0.036 0.102
Data are presented as mean  standard deviation.
CLZ cartilage lesion; CNTZ control; LFCZ lateral femoral condyle; LTZ lateral tibial; MFCZ medial femoral condyle; MTZ medial
tibial; OA Z osteoarthritis; PAT Z patella; TRO Z trochlea.
7T relaxation time mapping 201lower at 7T. Also, the effect size was slightly higher at the
7T for all comparisons, which is partially due to increased
differences between healthy and OA populations at 7T
compared to 3T. First of all, these results suggest that T1r
and T2 relaxation times at 7T can detect differences in
cartilage degeneration similar to those at 3T. While slightly
less significant differences were found at 7T, it can be
argued that the larger magnitude differences and lowered p
values at 7T are the result of increased sensitivity, espe-
cially when comparing effect size. The increased differ-
ences at 7T are most likely due to an increase of thechemical exchange, which increases sensitivity to changes
in the concentration of proteoglycan or collagen.
When analysing the correlations in Table 4, moderate
correlations were seen when the T1r and T2 values were
compared from 3T to 7T. However, only the majority of the
T1r correlation values were significant, with little signifi-
cance for the T2 correlations. A previous study has shown
correlations between T1r and T2 at 3T
10, which is expected
due to the similar relaxation mechanisms between T1r and
T2. The correlations were weaker at 7T, but this is most
likely due to B1 and B0 inhomogeneities, which created
Figure 1 T1r relaxation colour maps for the cartilage of the right knee of a healthy volunteer: (A) 3 Tesla (T) lateral; (B) 7T
lateral; (C) 3T medial; and (D) 7T medial. The colour maps have the same scale, which is displayed in milliseconds. 3T Z 3 Tesla;
7T Z 7 Tesla.
Figure 2 Signal to noise ratio at the six cartilage compart-
ments at 3 Tesla and 7 Tesla. LFC Z lateral femoral condyle;
LT Z lateral tibial; MFC Z medial femoral condyle;
MT Z medial tibial; PAT Z patella; TRO Z trochlea; 3T Z 3
Tesla; 7T Z 7 Tesla.
202 C. Wyatt et al.signal inhomogeneities in some of the images. However, the
disparity in correlation could also be due to the different
changes in chemical exchange that occurs for T1r and T2 at
7T compared to 3T.
Magnetic field (B0) and RF magnetic field (B1) in-
homogeneities can increase substantially at 7T and can
affect the quantification of T1p and T2 relaxation times.Table 4 Correlation between 3 Tesla and 7 Tesla relaxa-
tion values and their p values.
LFC MFC LT MT PAT TRO
T1p Correlation 0.620 0.682 0.579 0.304 0.569 0.494
p 0.006 0.001 0.012 0.207 0.017 0.037
T2 Correlation 0.439 0.400 0.360 0.496 0.279 0.265
p 0.069 0.090 0.142 0.031 0.247 0.273
LT Z lateral tibial; LFC Z lateral femoral condyle;
MFC Z medial femoral condyle; MT Z medial tibial;
PAT Z patella; TRO Z trochlea.
7T relaxation time mapping 203Composite pulses were used to alleviate these issues for T1r
and T2 imaging, reducing the occurrence of banding in the
relaxation maps. However, despite possible in-
homogeneities, the T1r and T2 maps at 7T were similar to
those at 3T and similar laminar behaviour was also
observed, as shown in Figure 1.
As shown in Figure 2, the SNR of the relaxation weighted
images at 7T were significantly higher than the 3T images.
The increase is due to the inherent increased signal at
higher field strengths, which has also been shown in pre-
vious studies. While some studies have shown much larger
increases in SNR at 7T compared to 3T [23], work is still
being performed to optimize the SNR performance of the
coil used in the study on the 7T system. With more testing
we expect larger increases in the SNR that will be more in
line with the increases expected from increasing field
strength and a larger number of coil elements.
The reproducibility variations of the 7T T1r and T2 im-
aging protocol were reasonable, but are slightly increased
when compared to values found at 3T with previous carti-
lage studies [32,40].
Increases in the specific absorption rate (SAR) have been
an on-going concern for sequence development at 7T. It is
one of the main reasons for the lack of 7T T1r development,
since the spin lock pulses are high energy RF pulses and SAR
is already a restraint on 3T systems. However, the SAR limit
was never reached during any of the scans performed for
this study at 3T or 7T. This can be attributed to the
implementation of the MAPSS sequence, with its long T1
recovery time between segments (1200 ms for all scans),
which allows for less spin lock pulses and a large span of
time between them. Additionally, a TSL time of 60 ms and
an effective TE time of approximately 60 ms were achieved
in vivo at 7T, which should allow for enough range to
accurately measure elevated T1r and T2 values in patients
with cartilage damage.
There are some limitations to this study, including the
small number of volunteers. While more participants could
have provided more power to the statistical tests, the
focus of this study was to evaluate the feasibility of T1r
and T2 imaging at 7T in individuals with OA, where even
with the small cohort significant differences between T1r
and T2 values at 3T and 7T were found. In addition, part of
the study was intended to examine whether 7T imaging
could provide improved detection of changes in smaller
cohorts, to facilitate the use of 7T to reduce overall study
size. In terms of the imaging, the TSL and TE parameters
were slightly different between 3T and 7T, which was only
to alleviate hardware constraints on the 7T scanner.
However, the changes mostly affected the last echo and
the last echo time was still longer than the measured T1r
and T2 values, so the changes most likely had little effect
on the relaxation measurements. Additionally, only the
correlations were performed between 3T and 7T values, so
any variations from scan parameters should be similar
between groups in each cohort at each field strength.
Lastly, different coils were used on the two scanners, with
the 7T coil having many more channels than the 3T coil.
This can result in differences in B1 homogeneity and SNR,
which can influence results. While having near identical
coils would be ideal, smaller arrays at 7T are not feasible
at this time.In conclusion, T1r and T2 imaging at 7T have been
established as viable imaging for the detection of degen-
eration of cartilage in knee OA despite previous concerns
over SAR and imaging time. Additionally, 7T relaxation
values had slightly more significant differences when
compared to 3T values when evaluating the differences
between healthy and degenerated cartilage in vivo.
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